INTRODUCTION {#s1}
============

The epithelial-mesenchymal transition (EMT) plays a pivotal role during tumor progression and invasion allowing epithelial cells to acquire a migratory phenotype. This complex program occurs through numerous transitional states, some of them being reversible and characterized by cell heterogeneity \[[@R1]\]. Major hallmarks of EMT include the loss of tight junctions and the increase of mesenchymal markers expression such as vimentin and N-cadherin \[[@R2]\]. While overexpression of members of the disintegrin and metalloprotease (ADAM) family has been widely documented in cancers and invasion \[[@R3]\], few have been directly involved in EMT. SiRNA-based knockdown of ADAM9 in pancreatic cancer cells has been shown to diminish cellular migration, invasion, and to induce the epithelial marker E-cadherin \[[@R4]\] and a role of ADAM17 in promoting EMT has been recently reported in lung adenocarcinoma cells \[[@R5]\] and gastric carcinoma cells \[[@R6]\]. The association of ADAM12 with breast cancer aggressiveness and EMT has been suggested by several lines of evidence that include the ability of ADAM12-overexpressing breast cell lines to induce metastasis *in vivo* \[[@R7], [@R8]\] and its correlated expression with the presence of metastases in triple-negative breast cancer \[[@R9]\] and with a breast tumor-initiating cell phenotype \[[@R10]\].

ADAM12 exists as two spliced isoforms that give rise to a membrane-anchored long form ADAM12L and a shorter secreted ADAM12S form. We recently demonstrated that overexpression of ADAM12L, but not ADAM12S is sufficient to induce loss of cell-cell contact, reorganization of actin cytoskeleton, up-regulation of EMT markers and chemoresistance \[[@R11]\]. Although the proteolytic activity of the short isoform ADAM12S is required for cell migration and invasion \[[@R8]\], ADAM12L induces EMT through a protease-independent manner but requires the cytoplasmic tail \[[@R11]\]. Fifteen proteins have been previously reported to physically interact with ADAM12L including cell surface proteins such as integrin \[[@R12], [@R13]\], syndecan \[[@R14]\] and the type II transforming growth factor-β receptor TGFBR2 \[[@R15]\]. Other proteins include signaling proteins such as Src-family non-receptor tyrosine kinases SRC and YES \[[@R16]\], the adapter proteins GRB2 \[[@R16]\] and SH3PXD2A (FISH) \[[@R17]\], the regulatory subunit of phosphatidylinositol 3-kinase, PIK3R1 (p85α) \[[@R18]\], the protein kinases PRKCE \[[@R19]\] and PRKCD \[[@R18]\], and their receptor, RACK1 \[[@R20]\] and the integrin-linked kinase, ILK \[[@R21]\]. The interaction of ADAM12L with actin cytoskeleton and vesicle formation was further documented by the identification of two actin-related proteins, ACTN1 and 2 (α-actinin-1 and −2) \[[@R22]\] and the cytoplasmic PACSIN3 phosphoprotein \[[@R23]\]. Most of these proteins are common to all cells and have been already implicated in cell signaling associated with EMT.

In the present study, we searched for new interacting partners of the membrane-anchored ADAM12L long form in a specific ADAM12L-induced EMT model. Using mass-spectrometry (MS)-based proteomic approaches and integrative data mining of ADAM12L protein networks, we identified the zonula occludens protein ZO-1 encoded by TJP1 gene, as a new potential partner for ADAM12L. We validated this interaction and further demonstrated that endogenous ZO-1 and ADAM12L were co-localized in invadopodia-like structures and were required for matrix degradation in invasive cell lines, which exhibit a full mesenchymal phenotype. Importantly silencing PKCε impaired ZO-1 and ADAM12L distribution and totally abolished matrix degradation in invadopodia-like structures thereby providing evidence for a new functional interaction between ADAM12, ZO-1 and PKCε.

RESULTS {#s2}
=======

Identification of ZO-1 as part of ADAM12L protein interaction network {#s2_1}
---------------------------------------------------------------------

We recently demonstrated that forced expression of ADAM12L but not ADAM12S in the non-tumorigenic epithelial cell line MCF10A induced EMT \[[@R11]\]. In order to identify new functional partners of ADAM12 during this process, the anti-ADAM12L immunoprecipitates from ADAM12L-overexpressing MCF10A cells were size-separated by SDS-PAGE and in-gel digests were analyzed by LC-MS/MS, followed by protein identification through database searching. 253 and 200 proteins were identified in ADAM12L and IgG immunoprecipitates, respectively. When comparing the two conditions, 67 proteins were only detected in ADAM12L-immunoprecipitates ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). In order to discard contaminating proteins identified after immunoprecipitation, we submitted the list of proteins to the Contaminant Repository for Affinity Purification (CRAPome) \[[@R24]\] and sorted by the fold change scores to identify high-scoring interactions. The 20 retained proteins (shown in Table [1](#T1){ref-type="table"}), are mostly implicated in molecular mechanisms associated with adhesion/invasion processes such as cytoskeleton remodeling and membrane trafficking (SYNE2 \[[@R25]\], AP2A1 \[[@R26]\], MIA2 \[[@R27]\]), PI3K-AKT signaling pathway (PLEKHA5 \[[@R28]\], ITPR3 \[[@R29]\]), cell junctions (SPECC1L, ZO-1, ZO-2) \[[@R30], [@R31]\] and regulators of these processes (NFAT5 \[[@R32]\], TBC1D15 \[[@R33]\]). Similarly Dock10 has been shown to affect adhesion and induce protrusion through Rac1 and Cdc42 activation \[[@R34], [@R35]\]. In addition, USP25 is a direct target of miR200C a known regulator of EMT \[[@R36]\] and PDE6H has been previously implicated with ADAM12 in cytotrophoblasts invasion \[[@R37]\].

###### List of proteins specifically identified in ADAM12 immunoprecipitates and filtered using CRAPOME tool

  GENE SYMBOL   ENTREZ-GENE   GENE NAME
  ------------- ------------- ------------------------------------------------------------
  ADAM12        8038          ADAM metallopeptidase domain 12
  USP25         29761         Isoform USP25m of Ubiquitin carboxyl-terminal hydrolase 25
  PDE6H         5149          phosphodiesterase 6H
  DOCK10        55619         dedicator of cytokinesis 10
  NFAT5         10725         nuclear factor of activated T-cells 5, tonicity-responsive
  CIT           11113         citron rho-interacting serine/threonine kinase
  SYNE2         23224         spectrin repeat containing, nuclear envelope 2
  RNPEP         6051          Aminopeptidase B
  PLEKHA5       54477         pleckstrin homology domain containing A5
  ITPR3         3710          inositol 1,4,5-trisphosphate receptor type 3
  MIA3          375056        melanoma inhibitory activity family member 3
  SPECC1L       23384         CYTSA protein
  C5            727           complement component 5
  AFG3L2        10939         AFG3 like matrix AAA peptidase subunit 2
  TBC1D15       64786         TBC1 domain family member 15
  AP2A1         160           Isoform B of AP-2 complex subunit alpha-1
  PRDX5         25824         peroxiredoxin 5
  TJP2          9414          tight junction protein 2
  TJP1          7082          tight junction protein 1
  NUP205        23165         nucleoporin 205kDa

Because 15 other proteins have been previously identified as ADAM12L-binding proteins (listed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}), we thought to search for their functional interaction with the 20 proteins newly identified in ADAM12L-overexpressing MCF10A cells. For that purpose, the 15 validated proteins and the new 20 potential interacting proteins were analyzed together using STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) tool \[[@R38]\] to generate protein-protein interaction networks. As shown in Figure [1](#F1){ref-type="fig"}, the 15 known ADAM12L interacting proteins are highly connected as previously described \[[@R21]\] but only three of the newly identified proteins showed interactions with this network: inositol 1,4,5-trisphosphate receptor type 3 (IPTR3) and the two tight junction-associated protein (ZO-1 and ZO-2). Of note, IPTR3 belongs to the Phosphatidylinositol signaling system as well as PI3KR1, a well-known partner of ADAM12 \[[@R39]\]. More interestingly, ZO-1 displayed interactions with six members of ADAM12L networks that include PRKCD, PRKCE, ILK, YES, SRC and GRB2 and has been previously implicated in EMT \[[@R40]\]. While association scores are mainly due to Co-citation in literature, experimental/biochemical data further support the interactions between ZO-1 and SRC or ILK ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). We therefore decided to study the functional interaction between ADAM12 and ZO-1.

![ADAM12 interactome\
The list of known proteins interacting with ADAM12L (**A**) and the list of new proteins identified in the present study (**B**) were used as input for STRING application. The graph was generated using default parameters. The annotation provided by STRING tool describes the different types of protein interactions. For known interactions: pink, experimentally determined; turquoise, from curated databases. For others interactions: olive green, textmining; black, co-expression; purple, protein homology. The interactions between ADAM12L and PRKCE \[[@R45]\], PRKCD \[[@R18]\], TGFBR2 \[[@R15]\] and between TGFBR2 and Src \[[@R71]\] have not been entered in the database yet and were added manually (thick black lines). Arrows indicated ADAM12L-interacting proteins identified by proteomic screen (B) that were connected with previous published ADAM12L interactome (A). TJP1 and TJP2 genes encode ZO-1 and ZO-2 proteins.](oncotarget-09-21366-g001){#F1}

ADAM12L interacts with ZO-1 in ADAM12L-overexpressing MCF10A cells {#s2_2}
------------------------------------------------------------------

We first validated this interaction by immunoprecipitation studies in the GFP-ADAM12L-overexpressing MCF10A cells used for the affinity proteomic study. As shown in Figure [2A](#F2){ref-type="fig"}, endogenous ZO-1 was immunoprecipitated from extracts of these cells using GFP antibodies while no signal was recovered in GFP-overexpressing MCF10A used as control. Both pro- and processed GFP-ADAM12L, corresponding to the 110 and 90 kDa forms of endogenous protein, were detected. Of note, the reverse immunoprecipitation using anti-ZO-1 antibodies did not permit to immunoprecipitate ADAM12 in our conditions (data not shown). We further confirmed this interaction by investigating whether ADAM12 co-localized with ZO-1 in GFP-ADAM12L-overexpressing MCF10A (Figure [2B](#F2){ref-type="fig"}). We observed some immunostaining for ADAM12 and ZO-1 at the junctional interface between cells. Such colocalization pictures were rare because ADAM12L overexpression in MCF10A cells leads to mesenchymal phenotype characterized by decrease in cell-cell junctions \[[@R11]\] and because overexpressed ADAM12 in cells is mainly retained intracellularly \[[@R41]\]. To characterize the domain of ADAM12 that is required for interaction with ZO-1, Cos7 cells were transfected with either ADAM12L, or a truncated form lacking the cytoplasmic domain (ADAM12-Δcyt). As shown in Figure [2C](#F2){ref-type="fig"}, immunoprecipitation of ADAM12L led to the recovery of substantial amounts of ZO-1 while immunoprecipitation of ADAM12L-Δcyt led to amount similar to that of control immunoglobulins, pointing out the implication of the ADAM12 cytoplasmic domain in the interaction with ZO-1.

![ADAM12L interacts with ZO-1 in ADAM12-overexpessing MCF10A cells\
MCF10A cells were infected with lentiviruses expressing either GFP-ADAM12L fusion protein (ADAM12L) or the control protein GFP (Control) as previously described \[[@R11]\]. (**A**) Crude extracts from GFP- or GFP-ADAM12L-overexpressing MCF10A were immunoprecipitated (IP) with anti-GFP antibodies or control IgG and immunoblotted with anti-ADAM12 or anti-ZO-1 antibodies (WB). (**B**) GFP-ADAM12L was detected as green staining and ZO-1 was immunolocalized and revealed in red. (**C**) Cos-7 cells were transfected with either ADAM12L, or a truncated form lacking the cytoplasmic domain (ADAM12-Δcyt). Crude extracts were immunoprecipitated (IP) with anti-ADAM12 antibodies or control IgG and immunoblotted with indicated antibodies (WB).](oncotarget-09-21366-g002){#F2}

Together these data support evidence for interaction of ADAM12L with ZO-1 and question about the relationships between ADAM12, a known marker of mesenchymal cell differentiation and ZO-1, a marker of tight junctions in epithelia cells.

ADAM12L and ZO-1 are co-expressed in invasive breast cancer cells {#s2_3}
-----------------------------------------------------------------

To demonstrate that endogenous ADAM12L interacts with ZO-1, we first searched for cell lines expressing both ADAM12 and ZO-1. For that purpose, we extracted gene expression data from 59 breast cancer cell lines selected from the Broad Institute Cancer Cell Line Encyclopedia \[[@R42], [@R43]\]. Unlike ADAM12L, ZO-1 is widely expressed by all breast cancer cell lines however, clustering analysis showed that ADAM12L and ZO-1 were highly co-expressed in 9 cell lines (HS274T, HCC1395, HS578T, HS343T, BT549, HS281T, HS606T, HS739T, HS742T) (Figure [3A](#F3){ref-type="fig"}). In addition, we showed that ZO1 expression is significantly increased in breast cancer cell lines characterized by high ADAM12L mRNA levels (*p \<* 0.05) (Figure [3B](#F3){ref-type="fig"}). Note that ZO-2, a tight junction associated protein that interacts with ZO-1 did not show similar association with ADAM12L expression. Unlike ZO-1, cell lines with high-ADAM12 expression were enriched in low-ZO-2 ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Because we previously reported the association of ADAM12 expression with EMT signature, we performed a new clustering analysis of breast cancer cell lines based on the expression of EMT gene set from the Molecular Signatures Database ([Supplementary Table 4](#SD3){ref-type="supplementary-material"}). As shown in Figure [3C](#F3){ref-type="fig"}, this allowed to highlight a cluster of 7 cell lines with high expression levels of EMT gene markers (HS578T, HS274T, HS281T, HS343T, HS606T, HS739T, HS742T). Strikingly, all these cell lines exhibit high expression levels of both ADAM12L and ZO-1 (Figure [3A](#F3){ref-type="fig"}). Together these data showed that breast cancer cell lines with EMT phenotype expressed high levels of ADAM12L and ZO-1. Since a clear relationship between EMT gene expression and invasive potential of breast carcinoma cells has been well established \[[@R43]\], our observations indicate that co-expression of ZO-1 and ADAM12 is linked to invasiveness.

![ADAM12L and ZO-1 gene expression in a panel of 59 breast cancer cell lines\
Breast cancer data (59 cell lines) were extracted from Cancer Cell Line Encyclopedia (Broad Institute). Data are expressed as gene-centric RMA-normalized mRNA expression data. (**A**) Hierarchical clustering analysis of breast cancer cell lines based on ADAM12L and ZO-1 expression allows to define two clusters, corresponding to high (cluster 1) and low (cluster 2) ADAM12 expression. Clusters 1 and 2 are indicated by pink and light-blue labels, respectively. (**B**) Comparative analysis of ZO-1 mRNA levels between breast cancer cell lines expressing high (cluster 1) and low (cluster 2) ADAM12L mRNA levels. (**C**) Hierarchical clustering analysis of breast cancer cell lines based on EMT gene signature. This clustering highlights cell lines with highest expression of EMT signature genes (boxed cell line names). Expression levels are coded by heatmap colors dark blue (low mRNA levels) to red (high mRNA levels), as indicated by the color key.](oncotarget-09-21366-g003){#F3}

ADAM12L interacts with ZO-1 in invadopodia-like structures {#s2_4}
----------------------------------------------------------

In accordance with *in silico* screening, we selected the invasive HS578T cell line that expressed the two proteins to validate the interaction between endogenously expressed ADAM12L and ZO-1. When immunoprecipitation was performed using anti-ADAM12 antibodies, ADAM12/ZO-1 complexes were clearly detected in cell extracts (Figure [4A](#F4){ref-type="fig"}). We observed similar interaction using another breast cancer cell line, BT549 ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). The reverse immunoprecipitation using four different anti-ZO-1 antibodies did not permit to identify ADAM12L in immunoprecipitates ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). This observation might be due to the lack of efficacy of ZO-1 immunoprecipitation associated or not with competitive effects between binding domains recognized by diverse ZO-1-interacting proteins and ZO-1 antibodies ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). To explore the specificity of interaction between ADAM12 and ZO-1, we performed proximity ligation assays in cells, silenced for either ADAM12 or ZO-1 (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). To this purpose, we performed knock-down experiments in HS578T cells using small interfering RNA (siRNA) against ADAM12L and ZO-1. After 72 h of treatment with siADAM12L, the steady-state levels of ADAM12 protein were strongly reduced in HS578Tcells while ZO-1 levels were reduced by up to 80% in siZO-1 treated cells, indicating robust RNA interference efficiency (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). Proximity ligation assays showed numerous stained dots in HS578T cells treated with control siRNA supporting evidence for ADAM12-ZO-1 interaction. At the opposite, silencing cells for either ADAM12L or ZO-1 prevents fluorescent signal demonstrating the specificity of the interaction. Using immunolocalization analyses, we further demonstrated that ZO-1 and ADAM12 are co-localized in cortactin- and actin-positive structures (Figure [4C](#F4){ref-type="fig"}). These observations are in accordance with previous data reporting partial colocalization of ADAM12L with actin and cortactin in clusters of invadopodia-like structures from ADAM12L-overexpressing cells \[[@R44]\] and the interaction of ZO-1 with cortactin in colorectal invasive cells \[[@R45]\].

![ADAM12L interacts and co-localizes with ZO-1 in breast cancer cell line HS578T\
(**A**) Crude extracts from HS578T cells were immunoprecipited with anti-ADAM12 antibodies or control IgG (IP) and immunoblotted with indicated antibodies (WB). (**B**) Interaction between ZO-1 and ADAM12 was analyzed by proximity ligation assay in HS578T cells silenced or not with either ADAM12L or ZO-1. Interaction results in fluorescent dots (green). Results are expressed as the mean ± SD of three independent experiments, (^\*\*\*^*P* \< 0.001). Representative fields are shown. Negative controls are samples with only primary or secondary antibodies (see [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). (**C**) HS578T cells were immunostained with antibodies against ADAM12 (green), ZO-1 (red) and Cortactin (red or green). Representative fields are shown. Co-localization of ADAM12 and ZO-1 results in yellow cellular staining. The actin cytoskeleton was stained by fluorescent phalloidins 547H (gray) and nuclei were stained with Hoechst 33258 dye (blue).](oncotarget-09-21366-g004){#F4}

Interaction of ADAM12L with ZO-1 is associated with matrix degradation and invasion {#s2_5}
-----------------------------------------------------------------------------------

Invadopodia and podosomes share many structural and functional features, among them the ability to degrade extracellular matrix through MMP14-dependent mechanisms \[[@R46]\]. We therefore asked whether modulating expression of endogenous ADAM12L and ZO-1 could influence MMP14 expression and gelatin degradation activity (Figure [5](#F5){ref-type="fig"}). While silencing ADAM12L and ZO-1 did not affect protein levels of each other, it induced a slight decrease in MMP14 protein levels (Figure [5A](#F5){ref-type="fig"}). In accordance with this observation, silencing ZO-1 has been previously reported to downregulate MMP14 expression in human breast cancer cells \[[@R47]\]. Importantly we showed that silencing ADAM12L and ZO-1 did not modify the localization of MMP14 ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). Silenced cells for either ADAM12L or ZO-1 were plated on FITC-gelatin matrix for 16h and degraded areas were evaluated by image analyses. As shown in Figure [5B](#F5){ref-type="fig"}, degradation activity of HS578T cells was totally abolished by silencing either ADAM12L or ZO-1. The observation of ZO-1 requirement for degradation activity corroborates previous reports showing that matrix degradation is decreased upon ZO-1 silencing in HS578T cells \[[@R47]\] and macrophages \[[@R48]\]. Using gelatin-coated tissue culture transwell inserts we further showed that silencing either ADAM12L or ZO-1 prevented HS578T cells invasion (Figure [5C](#F5){ref-type="fig"}). To demonstrate interdependency between the individual effects of ADAM12L and ZO-1, we take advantage of the breast cancer cell line BT549 that is characterized by lower ADAM12 levels than HS578T. We demonstrated that overexpression of ADAM12L induced increase in gelatin degradation in a concentration-dependent manner that was inhibited by silencing ZO-1 ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}).

![RNA interference--mediated decreased expression of ADAM12L and ZO-1 in HS578T cells abolished matrix degradation activity and invasion\
HS578T cells were transfected with 2 nM non-targeting siRNA (siCtrl) or ADAM12L siRNA (siADAM12) or ZO-1 siRNA (SiZO-1). (**A**) After 72 h, the efficiency and specificity of RNA interference were confirmed by western blotting. (**B**) Degradation activity was analyzed by using fluorescent gelatin. One representative picture is shown for each condition (Actin in red, Gelatin in green). Values of cells treated with control siRNA (siCtrl) were set as 100% of degradation. Results are expressed as the mean ± SD of three independent experiment, (^\*\*\*^*P* \< 0.001). (**C**) Matrigel invasion assay was performed using BioCoat™ Matrigel Invasion Chambers. Invading cells stained with Giemsa were counted in five different view fields, using NIH ImageJ software. Results are expressed as the mean ± SD of three independent experiments, (^\*\*\*^*P* \< 0.001). (**D**) Crude extracts from HS578T cells were immunoprecipitated with anti-MMP14 antibodies and immunoblotted with indicated antibodies. (**E**) Cells were immunostained with antibodies against MMP14 (green) and ZO-1(red). Representative fields are shown. Co-localization results in yellow cellular staining. The actin cytoskeleton was stained by fluorescent phalloidins 547H (gray) and nuclei were stained with Hoechst 33258 dye (blue).](oncotarget-09-21366-g005){#F5}

Together, these data are in agreement with the role of ADAM12L in activating MMP14 matrix protease, leading to gelatin degradation in ADAM12L-overexpressing cells \[[@R49]\]. We now showed for the first time that antibodies directed against MMP14 precipitated ZO-1 suggesting functional association between ZO-1 and MMP14 implicated in matrix degradation (Figure [5D](#F5){ref-type="fig"}). In support of this observation, we further co-localized ZO-1 and MMP14 in actin-rich structures (Figure [5E](#F5){ref-type="fig"}). Together our data support evidence for the involvement of complexes associating ADAM12L, ZO-1 and MMP14 in invadopodia-like structures of HS578T cells.

Localization of ADAM12L and ZO-1 complexes in invadopodia-like structures and matrix degradation are dependent on PKCε {#s2_6}
----------------------------------------------------------------------------------------------------------------------

During the course of immunofluorescence studies, we observed that silencing ADAM12L did not modify the amount of ZO-1 but the localization of ZO-1 was dramatically affected. We observed that ZO-1 staining was no more detected in the invadopodia-like structures while becoming diffusely cytoplasmic. At the opposite, silencing ZO-1 did not affect ADAM12L distribution ([Supplementary Figure 8](#SD1){ref-type="supplementary-material"}). These observations suggested that interaction between ADAM12L and ZO-1 plays a critical role in localization of ZO-1 to invadopodia-like structures. Interestingly, we and others have previously demonstrated the role of PKCε in regulating translocation of ADAM12L to the plasma membrane \[[@R19], [@R20]\] and recruitment of ZO-1 at the leading edge of lung cancer cells has been also shown to depend on PKCε \[[@R50]\]. In that context, we decided to explore the role of PKCε in regulating localization of ADAM12L and ZO-1 in invasive HS578T cells and its effect on matrix degradation. We performed PKCε knockdown in HS578T cells and after 72 h of treatment, the steady-state level of PKCε was significantly reduced while ADAM12L and ZO-1 expression was not modified (Figure [6A](#F6){ref-type="fig"}). Using proximity ligation assay, we further showed that interaction between ADAM12L and ZO-1 was dramatically diminished in PKCε-silenced cells compared to siCtrl transfected cells (Figure [6B](#F6){ref-type="fig"}). This observation was associated with the decrease of ZO-1 and ADAM12L staining in actin-rich structures, the localization of these proteins becoming diffusely cytoplasmic (Figure [6C](#F6){ref-type="fig"}). Together these results suggested that PKCε silencing modified ZO-1 and ADAM12L distribution supporting evidence for a pivotal role of PKCε in recruiting both ZO-1 and ADAM12 at invadopodia-like structures. Importantly we further showed that gelatin degradation activity and invasion were inhibited in HS578T cells silenced for PKCε (Figure [6D](#F6){ref-type="fig"}). Together these data were in agreement with a functional association between PKCε, ADAM12L and ZO-1.

![RNA interference--mediated decreased expression of PKCε in cells impaired ADAM12L and ZO-1 localization and totally abolished matrix degradation activity\
HS578T cells were transfected with 2 nM non-targeting siRNA (siCtrl) or PKCε siRNA (si PKCε). (**A**) After 72 h, Western blotting were used to confirm the efficiency and specificity of RNA interference in cell extracts. (**B**) Interaction of ZO-1 and ADAM12 was analyzed by proximity ligation assay in HS578T cells silenced for PKCε. Interaction results in fluorescent dots (green). Results are expressed as the mean ± SD of three independent experiments, (^\*\*\*^*P* \< 0.001). Representative fields are shown. Negative controls are samples with only primary or secondary antibodies (see [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). (**C**) Cells were immunostained with antibodies against ADAM12L and ZO-1 in PKCε silenced cells. Representative fields are shown. Co-localization results in yellow staining. The actin cytoskeleton was stained by fluorescent phalloidins 547H (gray) and nuclei were stained with Hoechst 33258 dye (blue). (**D**) Degradation activity was analyzed by using fluorescent gelatin. One representative picture is shown for each condition (Actin in red, gelatin in green). Values of cells treated with control siRNA (siCtrl) were set as 100% degradation. Results are expressed as the mean ± SD of three independent experiment (^\*\*\*^*P* \< 0.001).](oncotarget-09-21366-g006){#F6}

DISCUSSION {#s3}
==========

ADAM12 has been initially involved in differentiation of myoblast cells \[[@R51]\] and skeletal muscle regeneration \[[@R22]\]. Next, numerous studies converged to demonstrate the role of ADAM12 in differentiation of mesenchymal cells including chondrocytes \[[@R52]\], adipocytes \[[@R53]\], myoblasts \[[@R54]\] and osteoblasts \[[@R55]\]. More recently, the increased ADAM12 expression in cancer has been associated with EMT \[[@R10], [@R11]\]. All these observations suggest that ADAM12 plays a critical role in changes associated with cell differentiation.

To explore the molecular mechanisms involved in ADAM12L-mediated EMT, we performed a proteomic screening of proteins immunoprecipitated by anti-ADAM12 antibodies in ADAM12L-overexpressing epithelial breast cells. Functional annotation of the 20 proteins identified as potential new ADAM12L-interacting proteins revealed molecular mechanisms such as cytoskeletal remodeling, membrane trafficking, adhesion and invasion which are directly involved in EMT \[[@R56]\]. Of note, some of these proteins have been already related to known ADAM12L functions such as PI3K-AKT signaling \[[@R21]\] and cytotrophoblast invasion \[[@R37]\]. In order to explore how these proteins are connected to ADAM12L protein networks, we used an integrative data mining approach and identified the tight junction protein ZO-1 (encoded by TJP1) as being highly connected to the network of already known ADAM12L interacting proteins. Using immunoprecipitation and immunohistochemistry studies, we validated the interaction of ZO-1 with ADAM12 in different cell types. Although ZO-2 was also detected in the proteomic screen of ADAM12 immunoprecipitates from ADAM12L-overexpressing MCF10A cells, ZO-2 was never immunoprecipitated nor co-localized with endogenous ADAM12L in cells that constitutively expressed this protein (data not shown). Noteworthy, expression of ZO-2 is very low in cell lines expressing both ZO-1 and ADAM12L ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). ZO-1 and ZO-2 proteins are well known to form complexes and are both critical to junction assembly in epithelial cells \[[@R57]\] and our proteomic screen was performed in the epithelial cell line MCF10A that are engaged into EMT upon ADAM12L over expression. One can hypothesize that complexes between ADAM12L and ZO-2 detected by proteomic screen in these cells came from an intermediate state where ZO-1 interacts with both ZO-2 (specific for epithelial state) and ADAM12L (specific for mesenchymal state). In line with these hypotheses, ZO-1 and ZO-2 independently contribute to embryonic development \[[@R58], [@R59]\] and formation of tight junctions \[[@R60]\] suggesting different roles.

During the course of EMT, dissociation of tight junctions is associated with the redistribution of ZO-1 from cell--cell contacts \[[@R61]\]. A few reports indicate that in cells having reached a fully mesenchymal phenotype, ZO-1 acquires new localizations and functions related to the invasive properties of these cells. ZO-1 has been found at the leading edges of lung cancer cells \[[@R50]\] and invading melanoma cells \[[@R62]\]. In accordance with this, the non-classical junctional functions of ZO-1 is further supported by its localization in non-epithelial cells including fibroblasts where it contributes to adhesion and migration \[[@R48], [@R62], [@R63]\].

Similarly, ADAM12 has been associated with invasion and we hypothesized that ADAM12L interacts with ZO-1 in invadopodia-like structures from cancer cells. In agreement with this hypothesis, extracellular engagement of ADAM12 has been shown to induce clusters of invadopodia \[[@R44]\] and the expression of ADAM12 has been associated with the formation of invadopodia in hypoxia \[[@R64]\]. We now demonstrated that ADAM12 co-localizes with ZO-1 and cortactin in actin-rich structures similar to invadopodia-like structures, and that localization of ZO-1 in these structures depends on ADAM12L. Our data further showed that silencing either ADAM12L or ZO-1 inhibited matrix degradation and invasion, hallmark features of invadopodia. In line with these observations, the expression of ADAM12 was recently associated with invadopodia formation and matrix degradation during Twist1-induced tumor invasion \[[@R65]\]. Importantly we demonstrated for the first time that ZO-1 interacts with MMP14, a major metalloproteinase implicated in matrix degradation. Because ADAM12 has been also shown to interact with MMP14 \[[@R49]\], we proposed that ADAM12L and ZO-1 act together for MMP14-mediated degradation in invadopodia-like structures. Of note, ADAM12 have been previously localized to podosomes of Src-transformed cells \[[@R17]\] and ZO-1 was recently proposed to modulate podosome formation \[[@R48]\]. Because podosome share many features with invadopodia, we verified that ADAM12 and ZO-1 co-localized to podosomes of Src-transformed NIH3T3 cells ([Supplementary Figure 9](#SD1){ref-type="supplementary-material"}).

Dynamics of EMT and formation of invadopodia require complex protein trafficking and we showed that silencing ADAM12L affects ZO-1 distribution. Similarly, PKCε silencing altered both ADAM12 and ZO-1 localization and abolished matrix degradation supporting evidence for functional ADAM12L-ZO-1-PKCε complexes during EMT. Such observations are consistent with the previous observations reporting PKCε-dependent distribution of ADAM12L towards membranes \[[@R19], [@R20]\] and ZO-1 to invadopodia \[[@R50]\]. Importantly, the present screening identified the Guanine nucleotide-exchange factor DOCK10 as a new interacting ADAM12L protein (Table [1](#T1){ref-type="table"}). DOCK10 is responsible for activation of the small GTPase Cdc42 during cell invasion and the association of Cdc42 with cancer and EMT has been widely documented \[[@R66]\]. More recently Cdc42 requirement has been demonstrated for cell migration through the formation of ZO-1-MRCKβ (Cdc42BPB) complex at the leading edges of cells \[[@R67]\]. Together these observations suggest relationships between ADAM12-DOCK10 and ZO1-MRCKβ through Cdc42. Interestingly, PKCε activity has been involved in the regulation of Cdc42 \[[@R68]\] and might affect both ZO-1-MRCKβ and DOCK10-ADAM12 complexes that bind Cdc42. Together these data strengthened the functional association of ADAM12L, ZO-1 and PKCε the later regulating protein trafficking through RhoGTPase activities.

To conclude, we identified ZO-1 as a new binding partner for ADAM12L in invadopodia-like structures and we show that both proteins contribute to matrix degradation and invasion. This interaction is specific of ZO-1 since ZO-2 did not show similar function. Localization of both ADAM12L and ZO-1 is modulated by PKCε that participates to protein trafficking within the cell. Further investigations are required to decipher the molecular mechanisms by which ADAM12L, that is induced during the EMT, targets ZO-1 to the cellular structures involved in invasion.

MATERIALS AND METHODS {#s4}
=====================

Proteomics analyses {#s4_1}
-------------------

Immunoprecipitation of proteins associated with ADAM12L were performed using extracts from ADAM12L-overexpressing MCF10A cells and immunoprecipitation using Rabbit IgG was included as control. Proteins from immunoprecipitates were denaturated and size-separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After cutting gel tracks in 10 bands, in-gel digestion of proteins was performed with trypsin and resulting peptides were injected into a capillary HPLC system coupled to a mass spectrometer via a nanospray ionization source (ES MS/MS). All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.4.1) and X! Tandem softwares. Mascot was set up to search the TAX_HomoSapiens_9606_20141128 database. X! Tandem was set up to search a subset of the TAX_HomoSapiens_9606_20141128 database. For protein identification, Scaffold software (version 4.4.1.1, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were validated when established at a probability greater than 86,0 % to achieve an FDR less than 1,0 % using the Scaffold Local FalseDiscoveryRate (FDR) algorithm. Protein identifications were validated when established at a probability greater than 99,0 % probability to achieve an FDR less than 1,0 % and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm \[[@R69]\].

Bioinformatics tools {#s4_2}
--------------------

Datasets processed by Scaffold proteome software were submitted to the Contaminant Repository for Affinity Purification (CRAPome) and proteins identified were sorted by the fold change scores FC-A \[[@R24]\]. The STRING database was used to build protein--protein interaction networks \[[@R38]\]. The six types of interactions were included: Neighborhood in the Genome, Gene Fusion, Co-occurence across Genomes, Co-Expression, Experimental/Biochemical Data, Association in Curated Databases and Co-Mentioned in PubMed Abstracts. *In silico* analyses of gene expression was performed using Breast cancer data from Cancer Cell Line Encyclopedia (Broad Institute) and data are expressed in Log2 scale as Gene-centric Robust Multi-array Average (RMA)-normalized mRNA expression data using RMA Express Tool \[[@R70]\].

Cell culture {#s4_3}
------------

The human mammary epithelial cells (MCF10A) were cultured in (1:1) DMEM:F12 medium supplemented with 5% horse serum, 100 ng/ml cholera toxin, 20 ng/ml EGF, 500 ng/ml hydrocortisone, and 10 μg/ml insulin. ADAM12L-overexpressing MCF10A cells were obtained by expressing GFP-ADAM12L C-terminal fusion protein in MCF10A cells using a lentiviral expression as previously described \[[@R11]\]. Breast cancer cell line HS578T and BT549, Cos7 and NIH3T3 cells were cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS). NIH3T3-Src cells were kindly provided by Frederic Saltel (Bordeaux Research in Translational Oncology, Bordeaux, France).

Transfections {#s4_4}
-------------

For siRNA transfections, cells were plated at 3 × 10^5^ cells per 60 mm dish the day before transfection. Transfections were performed using Lipofectamine RNAimax (Invitrogen^®^, Life Technologies) according to manufacturer instructions. Cells were used 72 hours post transfection. Sequences or references for siRNAs (Eurogentec) used are as follows: SiCtrl (ref: SR-CL000-005), si1ADAM12L CGACUGCUGUUUACAAAUAdTdT, si2A DAM12 GCAAAGAACUGAUCAUAAAdTdT, si3ADA M12 GGUGAUCCUUAUGGCAACUdTdT, si1ZO-1 GUU AUACGAGCGAUCUCAUdTdT, si2ZO-1 GGAGGAAAC AGCUAUAUGGdTdT, si3ZO-1 GACGAGAUAAUCC UCAUUUdTdT and si1PKCε GAGUGUAUGUGAUC AUCGAdTdT, si2PKCε CGUCAUCCUUCAGGAUG AUdTdT, si3PKCε GCAUCUUGAAAGCUUUCAUdTdT.

Immunoprecipitation and western blotting {#s4_5}
----------------------------------------

For immunoblotting, cell lysates were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (GE Healthcare, UK). Blots were incubated for 30 min in Tris-buffered saline containing 0.1% Tween 20 and 5% non-fat dry milk and further incubated for two hours (or overnight at 4° C) with the following antibodies: rabbit anti-ADAM12 (Sigma), rabbit anti-ZO-1 (Life Technologies). The bound antibodies were detected with horseradish peroxidase-conjugated to either anti rabbit (Pierce) or anti-mouse (BioRad, Ivry, France) IgG or Protein A using an enhanced chemiluminescence system (Millipore, Billerica, MA, USA).

For immunoprecipitation, cell extracts were prepared in RIPA buffer and pre- incubated for 1 hour with sepharose-coupled protein-G beads (Amersham) alone to reduce non specific protein binding and then with sepharose-coupled protein G prebound with 1μg of either specific antibodies or control rabbit IgG. The beads were washed five times in buffer and samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting.

Immunostaining {#s4_6}
--------------

Cells were fixed with 4% paraformaldehyde for 15 min without permeabilization and washed twice with PBS. Then cells were blocked in 1% BSA, PBS for 1 hour before incubation with primary antibodies: rabbit anti-ADAM12 (generous gift from Dr Zolkiewska), mouse anti-ZO-1 (Life Technologies), rabbit or mouse anti-cortactin (Abcam), followed by Alexa Fluor 488-conjugated anti-rabbit (Cell Signaling) or by fluoprobes 647H-conjugated anti-mouse secondary antibodies (Interchim). The actin cytoskeleton is visualized by fluorescent phalloidin 547H (Interchim). Nuclei were stained with Hoechst 33258 dye (Invitrogen). The slides were washed, mounted in fluorescent mounting medium DAKO (Dako, North America, Inc) and viewed using an automated microscope.

Gelatin matrix degradation assay {#s4_7}
--------------------------------

A matrix degradation assay was performed using fluorescent gelatin. Fluorescent 488 gelatin coverslips were prepared following manufacturer\'s instructions. In brief, glass coverslips were washed overnight in 10% HCl, and sterilized in ethanol. Coverslips were coated with 50 μg/ml poly-l-lysine in PBS (Sigma-Aldrich) and washed in PBS, then coated at room temperature for 20 min with 10:1 Oregon Green 488 conjugated gelatin (G13186, Life technologies) with 0.2% wt/vol unlabeled gelatin solution (G1393, Sigma) in PBS at room temperature, and incubated in 0.5% glutaraldehyde in PBS for 40 min. Gelatin matrix were then quenched with 5 mg/ml sodium borohydride and washed with PBS before seeding cells. HS578T cells were plated for 16 h in serum-containing media and coverslips were processed as described in the immunofluorescence section. Gelatin degradation resulted in black area depleted of fluorescent gelatin. These degraded area were quantified with the threshold tool of ImageJ software, and a degradation index was calculated as a ratio between the area of degraded gelatin and the cell area measured by Phalloidin 547H staining (F-Actin). At least 330 cells per conditions were analyzed. Images shown are from a single representative experiment out of a minimum of three repeats.

Proximity ligation assay {#s4_8}
------------------------

The DUOLink PLA kit (Sigma) was used to detect protein--protein interactions. HS578T cells were cultured and transfected with siRNA (Ctrl, or ADAM12L, or ZO-1, or PKCε), fixed in 4% PFA for 15 min at room temperature then blocked with Duolink blocking buffer for 30 min at 37° C. Cells were incubated with primary antibodies diluted in Duolink antibody diluents for 2 h at room temperature, washed and then further incubated for another 1 hr at 37° C with species specific PLA probes (PLUS and MINUS probes) under hybridization conditions and in the presence of 2 additional oligonucleotides to facilitate hybridization of PLA probes only if they were in close proximity (\<40 nm). A ligation mixture and ligase were then added to join the two hybridized oligonucleotides to form a closed circle. Several cycles of rolling-circle amplification using the ligated circle as a template were performed by adding an amplification solution to generate a concatemeric product extending from the oligonucleotide arm of the PLA probe. Lastly, a detection solution consisting of fluorescently labeled oligonucleotides was added, and the labeled oligonucleotides were hybridized to the concatemeric products. The signal was detected as a distinct fluorescent dot in the FITC green channel and analyzed by fluorescence microscopy. Specificity of PLA was determined by using negative controls consisting of samples treated as described but with only primary or secondary antibodies. PLA was quantified using Image J software. Dots were counted from 100 to 300 cells.

Matrigel invasion assay {#s4_9}
-----------------------

Matrigel invasion assay was performed using 24-well BD BioCoat™ Matrigel Invasion Chambers 8 μm pore size (BD Biosciences). 2 × 10^4^ HS578T cells were seeded in the upper chamber of a 12-well plate, coated with growth factor-reduced Matrigel (Corning), in 500 μl serum-free medium. The lower chamber was filled with 500 μl medium containing 10% FBS. The chamber was incubated at 37° C, for 16 h. At the end of incubation, cells in the upper surface of the membrane were removed with a cotton swab. Invading cells, to the lower surface of the membrane, were fixed with 4% PFA for 2 min at room temperature, washed twice with PBS, permeabilized with methanol 100% for 20 min at room temperature and stained with Giemsa for 15 min at room temperature in dark. The images were obtained using an inverted microscope (Zeiss) and the cells were counted in five different view fields, using NIH ImageJ software (Magnification 10×). Results are expressed as the mean ± SD of three independent experiments.

Epifluorescence and confocal imaging {#s4_10}
------------------------------------

Gelatin degradation assays were imaged using a LEICA- DMRXA2 epifluorescence microscope with a 40× PL Fluotar (O.N.; 1.00) oil objective. Confocal imaging used a LEICA SP8 DMI 6000 CS microscope using oil immersion objectives (40×/1.30 HC PL APO) and (63×/1.4 HC PL APO). Images were acquired using the LAS-AF (Leica, Wetzlar, Germany) software. Z-stacks were acquired with Surplatine superZ galvo at a step size of 500 nm. Brightness and contrast adjustments of images were realized using the imageJ software.

Statistical analyses {#s4_11}
--------------------

All data are presented as the mean ± SEM from n independent experiments. Significant differences between conditions were evaluated using the Wilcoxon test for matrix degradation analyses and using the Student\'s *t*-test for western blotting densitometry. All analyses were carried out using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, CA,USA). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 were considered significant.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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ADAM

:   a disintegrin and metalloprotease

EMT

:   epithelial mesenchymal transition

ECM

:   extracellular matrix

TGF-β

:   transforming growth factor-beta

siRNA

:   small interfering RNA
